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High Temperature Thermo-mechanical Properties of HfC Reinforced
Tungsten Matrix Composites
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ABSTRACT: In order to improve the mechanical properties of tungsten at room and elevated temperature, hafnium
carbide (HfC) reinforced tungsten matrix composites were prepared using the spark plasma sintering technique. The
effect of HfC content on the compressive strength and flexural strength of the tungsten composites was investigated.
Mechanical properties of the composites were also measured at elevated temperatures and their trends, with varying
reinforcement volume fraction, were studied. The effect of reinforcement fraction on the thermal properties of the
composites was investigated. The thermal conductivity and diffusivity of the composites decreased with increasing
temperature and reinforcement volume fraction. An inherently low thermal conductivity of the reinforcement as well
as interfacial losses was responsible for lower values of thermal conductivity of the composites. Values of coefficient of
thermal expansion of the composites were observed to increase with HfC volume fraction.
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1. INTRODUCTION

Extreme applications such as nuclear fusion, engine pro-
pulsion and hypersonic leading edges involve temperatures
reaching above 3000°C in a few seconds. This leaves us with a
narrow range of materials which should not only sustain these
exceptionally high temperatures but also retain their strength
and chemical stability. In such circumstances, materials pos-
sessing good resistance to ablation attack with high tempera-
ture strength are preferred. Owing to an extremely high
melting point (3422°C) and remarkable room and high tem-
perature thermal, physical and mechanical properties, tung-
sten is largely preferred for use in such applications [1-7].
Presently, tungsten and its alloys are good candidates for rud-
der and nozzle components of rocket motors, nose caps of
missiles, and high strength clamps for testing high tempera-
ture mechanical behavior of metals [2,8-10]. However, Tung-
sten loses a significant amount of its mechanical ability at
temperatures above 1000°C (strength of monolithic tungsten

decreases by 60% at 1000°C) as well as its oxidation in the
presence of oxygen poses a serious challenge [2,4].
Methods of improving low temperature plasticity and high
temperature strength of tungsten by solid solution strength-
ening and second phase particles have been extensively
explored over the past few decades [2,11-14]. The addition of
rhenium (Re) has been beneficial in increasing the room-tem-
perature ductility of tungsten, as well as its high-temperature
strength as it has high melting temperature (3186°C); only
3.6% Re increases the strength of W up to double by forming
stable intermetallic phases [2]. The use of composite systems
gives us the additional advantage of tailoring the various prop-
erties of the composites by controlling the compositions or the
fabrication processes of the system [15]. Keeping refractory
metal as the matrix with ceramic particles as the reinforcement
have produced composites with interesting chemical, thermal,
and mechanical properties. Recently, ceramic particle (such as
TiC, ZrC, TiN, ZrO,, ThO, and/or La,0,) reinforced tungsten
composites have gained popularity as they show significant
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improvements in mechanical properties of tungsten [2,7,12,
16-18].

Among the ceramic reinforcements, hafnium carbide pro-
vides an excellent prospect to be used for high temperature
applications because of its high refractory nature, high melting
point (3890°C), superior mechanical properties, high thermal
stability and high ablation resistance as compared to other
reinforcement candidates at high temperatures [1,3,7,19,20].
We have demonstrated how large volume fraction ceramic
reinforced tungsten composites are effective in enhancing the
ablation resistance of tungsten [21,22]. Although the room
temperature mechanical and ablation properties of HfC rein-
forced W composites have already been reported by many
researchers [7,12,23], this paper reports on the high tempera-
ture flexural strength, compressive strength, thermal conduc-
tivity, coefficient of thermal expansion of HfC reinforced W
composites prepared by spark plasma sintering (SPS), which
has not been explored so far.

2. EXPERIMENTAL PROCEDURE

The HfC particles reinforced W composite samples were
prepared by mixing 10, 20 and 30 vol%HfC powder having
mesh size under 400 in tungsten powder of 2.5 pm particle
size. The ball mixer was operated with 10:1 tungsten ball to
powder ratio, in dry condition up to 12 hours at 100 rpm.
These powder samples along with monolithic tungsten were
consolidated under vacuum of 10 Pa via SPS with a minimum
heating rate of 100°C/min, sintering temperature of 1800°C,
holding time 5 minutes, and 50 MPa compressive pressure.
Archimedes’ method was employed to measure relative den-
sities of consolidated samples prior to the characterization by
high resolution scanning electron microscopy (SEM) (Phillips
XL30SFEG), image analysis program (Matrox Inspector 2) and
X-ray diffractometry (XRD) (Rigaku D/MAX-IIIC).

The mechanical behavior of the HfC reinforced W com-
posite was evaluated via compression and flexural strength
tests. The rectangular specimen having dimensions 12 x 1 x
1.5 mm (length, thickness, width) was subjected to the three
point bending test. Samples with polished surface and cham-
fered edges were subjected to room temperature flexural test
by using INSTRON 5585 universal testing machine with
crosshead speed of 0.2 mm/min. The samples were heated up
to 1000°C in a box type resistance furnace to carry out high
temperature flexural test in an Ar atmosphere. The room tem-
perature compressive test was performed on samples having
4 mm diameter and 6 mm height by the same machine and
cross head speed as flexural test, whereas the high temperature
compressive strength was measured at 1200°C in Ar atmo-
sphere by computer controlled servo-hydraulic Gleeble 3500
with strain and heating rates of 0.1 s~ and 10°C/s, respectively.

The measurement of thermal conductivity, by laser flash
technique, and coefficient of thermal expansion, by dilatom-

eter were carried out at room temperature, 200°C, 400°C,
600°C, 800°C and 1000°C on the cylindrical shaped samples
having dimensions ¢$12.7 mm X 2 mm and ¢6 mm X 16 mm,
respectively. Both of these tests were performed in inert atmo-
sphere. a-ALO, as a reference and He for inert atmosphere
were used in both of these tests. However, the samples were
heated at different rates, which was 1°C/min for the former
and 5°C/min for the latter technique.

3. RESULTS AND DISCUSSIONS

The SEM micrographs of W and HfC (under 325 mesh size)
have shown in Fig. 1(a) and (b), respectively. X ray diffraction
results for the 30vol% HfC/W composite sintered at 1800°C
can be seen in Fig. 2. It can be confirmed from the XRD results
that only tungsten and HfC exist. Oxides of hafnium or tung-
sten carbide that form as a result of interfacial reaction or reac-
tion with impurities (e.g. oxygen or carbon during ball milling
process) do not exist in the sintered samples.

Sintering at 1800°C increased the grain size of tungsten
powder up to 13.8 + 2.66 um, which is four times higher than
the average particle size of raw powder. Microstructures of
composite samples consisting of 10 vol% HfC/W are shown in
Fig. 3. The HfC phase is uniformly distributed in the tungsten
matrix indicating that the powders were efficiently mixed
prior to sintering, the uniform dispersion of HfC is very
important as it plays a vital role in maintaining high tem-
perature strength of the material by dislocation pinning [7,12,
23]. Average grain size of tungsten in the HfC/W composites
was much smaller than in the monolithic tungsten samples.

H‘Pzt’ " 5um

Fig. 1. SEM images of as received (a) tungsten and (b) HfC powder
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Fig. 2. X ray diffraction pattern of 30 vol% HfC/W sintered com-
posite

For example the average grain size of tungsten was measured
to be 4.57 + 1.29 um for 10 vol% HfC/W composites, a value
that lies in coherence with the size of the tungsten starting
powder. HfC particles act as grain growth inhibitors, thus pre-
venting the thermal growth of tungsten during sintering. The
presence of HfC particles in the tungsten matrix exerts a pin-
ning pressure on surrounding tungsten grains, preventing the
movement of tungsten. This results in a considerably smaller
grain size of tungsten while using reinforcement particles.
Smaller W grains are useful for improving the strength of the
HfC/W composites.

At room temperature, an increase in compressive strength
has been observed with increasing reinforcement up to
30 vol%, due to grain refinement and influence of reinforce-
ment particles on dislocation movement. Grain refinement
plays a significant role in hard matrices where other forms of
strengthening mechanisms are of less importance [24]. The
hard HfC particles in the tungsten matrix hinder the defor-
mation of the tungsten matrix by restricting the dislocation
motion. Therefore reinforcing the tungsten matrix by HfC
particles can enhance the strength of the composites. The
highest value of compressive strength was achieved with
30 vol% HfC reinforcement [22]. The flexural strength, which
is more sensitive to porosity and agglomeration of reinforcing
particles, displayed different behavior than compressive
strength. The flexural strength measured at room temperature
increased up to 10 vol% of the reinforcement phase and then
decreased for higher reinforcement contents. Because the rel-
ative densities of HfC/W composites were 99.3%, 98.3% and
96.1% for 10 vol% HfC/W, 20 vol% HfC/W and 30 vol% HfC/
W, respectively, the decrease in the flexural strengths of 20%
HfC/W and 30% HfC/W are partly attributed to the porosity
[22].

Due to the poor sinterability of HfC-HfC particles, some
microscoporosity is left between them. This porosity is evident
of short consolidation times [12]. As the volume fraction of
HfC particles increase, the presence of porosity becomes a

Fig.3. An SEM image of cross sectional microstructures of
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Fig. 4. (a) Compressive strength of HfC/W composites and (b)
flexural strength of HfC/W composites measured at ambi-
ent & high temperatures [22]

latent source of microcrack formation. The reinforcement
clusters cannot transfer stresses to the matrix because of the
weak adhesion between adjacent ceramic particles. Therefore,
a decline in the values of flexural strength occurs on increasing
the ceramic reinforcement, contrary to an increase in com-
pressive strength.

The values of high temperature compressive strength, car-
ried out at a temperature of 1200°C, can be seen in Fig. 4(a).
The strength of tungsten decreases significantly at elevated
temperatures. At room temperature, tungsten behaves in a



High Temperature Thermo-mechanical Properties of HfC Reinforced Tungsten Matrix Composites 369

brittle manner. The ductile to brittle transition temperature
(DBTT) of tungsten ranges over 100-400°C [25]. Above these
temperatures, the behavior of the tungsten matrix becomes
more ductile in nature. The flow stresses required to strain
tungsten decrease above the ductile-brittle transition region.
The presence of reinforcement particles in tungsten matrix
helped increase the compressive strength of tungsten. 30 vol%
HfC/W composites showed the highest compressive strength
at elevated temperatures. The flexural strength values of the
composites are shown in Fig. 4(b). With less resistance to
motion at elevated temperature, a significant reduction in the
flexural strength of tungsten was recorded. The composite
samples show a different trend in the values of flexural
strength at 1000°C than at room temperature. There is a sig-
nificant enhancement in the flexural strength of tungsten by
reinforcing with HfC. The flexural strength of the composites
increases with the addition of reinforcement content up to
30 vol%. At 1000°C 30vol% HfC enhances the strength of
tungsten by a factor of more than three, which is much larger
than the increase in strength due to 35% ZrC [2]. At room
temperature, the already little mobility of tungsten is further
limited by the presence of reinforcement particles, which
restrain the dislocation movement. Due to this lack of duc-
tility, tungsten composites are subjected to catastrophic failure
in the presence of flaws. The probability of having flaws in the
structure increases with an increase in the volume fraction of
reinforcement phase. Therefore, flexural strength decreases for
high volume fractions of reinforcement at room temperature.
At elevated temperature, the ductile behavior of the tungsten
matrix and the interaction of reinforcement particles with dis-
locations results in a strengthening effect. Since there are no
issues of a brittle fracture, the strengthening effect of rein-
forcement phase increases with an increase in its volume frac-
tion. The enhancement of strength of tungsten composites at
elevated temperatures can be extremely beneficial in allowing
higher volume content of ceramic reinforcements to be used.
Higher volume fraction ceramic reinforced tungsten compos-
ites are particularly interesting as they exhibit a significant
improvement in the resistance to ablation as compared to
monolithic or low volume fraction ceramic reinforced tung-
sten. The fact that the overall density decreases with increasing
the volume fraction of less dense ceramic reinforcement could
be utilized in reducing the overall weight of the components.

Values for thermal diffusivity of the composites measured at
different temperatures are shown in Fig. 5(a). The values were
employed to calculate the thermal conductivity, k, using the
following equation [26,27]:

k=axc,xp (1)

Where o is the thermal diffusivity, ¢, is the specific heat and
p is the density of the material. Thermal conductivity of the
composites decreases with the volume fraction of HfC content
as shown in Fig. 5(b). This is due to inherently low thermal
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Fig. 5. (a) Thermal diffusivity and (b) thermal conductivity of the
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Fig. 6. Coefficients of thermal expansion of the composites

conductivity of HfC. The measured room temperature value of
thermal conductivity of pure tungsten is 164 W/mK. The ther-
mal conductivity of 10 vol% HfC/W composite was decreased
with temperature. However, 30 vol% HfC/W composite did
not show similar amount of reduction in thermal conductivity
with temperature. This is because the conductivity of hafnium
carbide increases with temperature.

Fig. 6 presents the comparison of thermal expansion coef-
ficients of tungsten and HfC/W composites from room tem-
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perature to 1000°C. While pure tungsten possesses the lowest
thermal expansion coefficient, the thermal expansion coeffi-
cients of HfC/W composites were increased with increasing
HfC volume fraction because HfC has a higher thermal
expansion coefficient than pure tungsten.

4. CONCLUSIONS

The average grain size of tungsten after sintering was
decreased by 10 vol% HfC particle addition from 13.8 um to
4.57 um by HfC particles addition. The compressive strength
of HfC/W, which was found to increase with increasing HfC
up to 30 vol% due to HfC’s role in grain refinement and dis-
locations pinning, got decreased with increasing temperature
at 1200°C. Poor sinterability among HfC particles in the com-
posite samples affected the flexural strength adversely and it
was found to increase up to 10 vol% of HfC only. At high tem-
perature, the increasing HfC causes flexural strength to con-
tinually rise and maximum flexural strength was observed
with 30 vol% HfC at 1000°C. The thermal conductivities of
HfC/W composites were decreased with the volume fraction
of HfC particles. However, the coefficient of thermal expan-
sion was found to increase with increasing temperature and
HfC volume fraction.
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